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ABSTRACT: Understanding structure—function relationships is
essential to guide the designed synthesis of novel materials with
emergent properties. In this work, we targeted the metastable
heterostructures [(PbSe),s],,(VSe,);, where m = 1—4, to test if the
charge density wave (CDW) transition temperature increases as the
layer thickness separating the VSe, monolayers increases, as was
observed when SnSe was the separating layer. The modulated
elemental reactant approach was used to make the targeted products.
This approach involves depositing elemental layers in which the
number of atoms of each element per square angstrom in PblSe and VI
Se bilayers equals the number calculated for a rock salt-structured
PbSe bilayer and a Cdl,-structured VSe, slab, respectively. Layered
elemental precursors with the correct composition and nano-
architecture for each of the targeted compounds were prepared by
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repeatedly depositing a single VISe bilayer followed by m PblSe bilayers. Precursors close to the targeted number of atoms per
unit area were determined via X-ray fluorescence and the correct nanoarchitecture self-assembled to the targeted compounds
during a low-temperature anneal. Resistivity measurements show that the number of PbSe layers per repeat unit (m) does not
change the charge density transition onset temperature as previously reported for the analogous [(SnSe),,s],.(VSe,),
compounds. The temperature dependence and absolute values of the resistivity of the m = 3 and 4 heterostructures scale as
expected for composite behavior. The difference in the thickness dependence of the CDW transition between the PbSe- and
SnSe-containing compounds highlights that the identity of the intervening rock salt layer plays a more important role in
modifying the CDW onset temperature than the separation of the VSe, layers.

Bl INTRODUCTION

The discovery of emergent properties in a single layer and very
thin layers of quasi-two-dimensional systems has resulted in
many reports of new systems and heterostructures.’ Initially,
the majority of the systems being investigated were semi-
conducting because large changes in properties were
discovered in semiconducting systems and because single
sheets of metallic systems were found to be unstable in air.”
More recently, a number of interesting properties of metallic
system have been explored as a function of thickness including
superconductivity and charge density waves (CDWs).”® The
trends with layer thickness and/or layer separation depend on
the specific property and compounds being investigated. The
onset temperature of superconductivity is lowered when the
thickness of NbSe, layers is reduced® or the separation
between NbSe, layers in a heterostructure is increased.”
Varying the layer thickness of different dichalcogenides
produced opposite effects on the onset temperature of CDW
transitions. Studies on mechanically exfoliated TiSe, have
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shown that as the thickness of the exfoliated TiSe, is decreased,
the onset temperature of the CDW increased.” The opposite
has been found for TaSe,, with the onset temperature of the
CDW decreasing as the thickness of the mechanically
exfoliated film is decreased.” Unraveling the relationships
between physical properties and the interaction between
constituents at interfaces, the structure of the constituents
and/or the electronic or magnetic properties of the
constituents is a focus of continued interest.

The electrical and magnetic properties of vanadium
dichalcogenides have been extensively investigated both
computationally and experimentally, with a variety of contra-
dictory results presented as the number of layers of VSe, is
reduced. Bulk VSe, has vanadium in octahedral coordination in
a 1T structure and is metallic. It also has a small Pauli
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paramagnetism because of the conduction electrons and
exhibits a CDW transition. Density functional theory
calculations predict the ground state of undistorted VSe,
layers to be the ferromagnetic 2H-polytype with a metal to
semimetal/semiconductor transition when going from the
bilayer to the monolayer. 19712 There are contradictory reports
on how the CDW changes as the number of VSe, layers is
reduced in this n-type metal and how magnetic behavior
changes as the sample is thinned to a monolayer. The onset of
the CDW in bulk single crystals of VSe, is 100 K" and it has
been reported that this increases to 135 K as the thickness is
reduced to 4—8 trilayers of VSe, prepared via liquid
exfoliation.'* An opposite trend was reported for micro-
mechanically exfoliated nanoflakes, where the onset temper-
ature decreases to 81 K at the lowest thickness measured, 11.6
nm.” The thin nanoflakes are n-type conductors, as is bulk
VSe,, but the carrier concentration increases as the nanoflake
thickness is decreased. Both solvent-aided and mechanical
exfoliation techniques were not able to precisely control the
thickness of the VSe, flakes or reach the monolayer limit."*'*

Monolayer VSe, has been reported to have a CDW with a
different distortion than found in the bulk.'® " The transition
temperature is higher in the monolayer, and the transition
temperature depends on both the material below it and the
relative orientation of the adjacent layer. Monolayers of VSe,
have also been reported to be ferromagnetic.'” Other reports
present data showing that their VSe, monolayers are
nonmagnetic and sug§]est that the ferromagnetism results
from oxide impurities.” Studies of [(SnSe),s].(VSe,); and
[(PbSe),,5],(VSe,); prepared by annealing designed precur-
sors show that they are p-type metals with a CDW that
depends on the thickness of the rock salt constituent.”””” The
changes in electrical resistivity and charge carrier concentration
at the CDW transition temperature are much larger than that
observed in bulk VSe,. Compounds with thicker VSe, layers,
[(SnSe),.5],(VSe,), and [(PbSe),,5],(VSe,), where n is larger
than two, are n-type metals and CDW transition and transition
temperature are similar to those found in bulk VSe,.”””*

In this paper, we probe the effect of changing the PbSe layer
thickness on the CDW found in [(PbSe),,s];(VSe,),. The
synthesis, structure, and electrical properties of a family of new,
metastable compounds, [(PbSe) . ],,(VSe,),, are discussed.””
The synthesis of [(PbSe),,s],.(VSe,), with m = 2, 3, and 4 was
more challenging than the synthesis of the m = 1 compound
because the higher m compounds have smaller barriers toward
disproportionation into PbSe and VSe,. Deviations in the
composition of the precursor from the stoichiometry of the
desired products result in disproportionation of the precursor
during low-temperature annealing. The structure of the PbSe
layers in [(PbSe),,s],,(VSe,); compounds is significantly less
distorted than found in the analogous semiconducting
[(PbSe)o.00],(WSe,),* and [(PbSe),g0],(MoSe,),” com-
pounds. The electrical resistivity data of all of the
[(PbSe),5].(VSe,), compounds contain a CDW transition
at ~100 K that is distinctly different than that found in bulk
VSe,. The electrical resistivity can be successfully modeled
using a parallel resistor circuit when m is 3 or greater,
indicating composite behavior. These findings are very
different from that previously reported for the isoelectronic
[(SnSe).5](VSe,); compounds, where the CDW transition
temperature changes systematically with m.”' This suggests
that the interaction between the constituent layers is more
important than the separation of VSe, layers in determining
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the CDW transition temperature. The differences between
these two sets of isoelectronic compounds demonstrate the
sensitivity of emergent properties in heterostructures to the
identity of the constituent layers.

B EXPERIMENTAL SECTION

Precursors designed to form the compounds [(PbSe),,;],.(VSe,),
where 1 < m < 4 were synthesized using the modulated elemental
reactants (MER) technique. Pb (99.8% Alfa Aesar), V (99.995% Alfa
Aesar), and Se (99.99% Alfa Aesar) were deposited using 6 kW
electron beam guns (Pb and V) and a custom-made Knudsen effusion
cell (Se) under high vacuum (<3 X 1077 Torr). The precursors were
prepared by sequentially evaporating elemental sources in the
sequence [PblSe],VISe onto Si wafers or quartz substrates. The
mass of each element deposited was monitored using quartz crystal
monitors. A LabVIEW-based program opened and closed pneumatic
shutters that control the amount of material deposited using either the
integrated thickness or the product of the deposition rate and time. A
more detailed explanation of the chamber and the deposition
procedure is described by Fister, et al?® The amount of each element
deposited in each sample was measured using X-ray fluorescence
(XRF) on a Rigaku Primus IT ZSX spectrometer. The proportionality
factor between the measured fluorescence intensity and the number of
atoms per unit area of each element in the film was determined as
described by Hamann, et al?” The deposition conditions were
iteratively adjusted to obtain precursors with the desired amounts of
each element.

The layered precursors were crystallized by annealing in an inert N,
atmosphere with an O, concentration less than 1 ppm. Out-of-plane
specular X-ray diffraction (XRD), X-ray reflectivity (XRR), and X-ray
rocking curve data were performed on a Bruker D8 Discover
diffractometer with Cu Ka radiation (1 = 0.15418 nm). Grazing
incidence in-plane XRD (GIXRD) scans were performed on a Rigaku
SmartLab diffractometer. Le Bail fitting of the diffraction patterns was
used to determine the in-plane lattice parameters using FullProf and
GSAS software. > Rietveld refinement of the specular XRD patterns
was done to determine the position of the atomic planes along the c-
axis also using GSAS software, %" High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images
were collected by a FEI Titan G2 80-200 STEM with a Cs probe
corrector, operated at 200 kV, using an annular detector with a
collection range of 60—160 mrad. STEM samples were prepared by
focused ion beam technique.

Resistivity and Hall coefficients were measured as a function of
temperature on a film deposited on a quartz substrate using the van
der Pauw technique. Data were collected at a temperature range
between 25 and 295 K. Seebeck coefficients were measured using a
custom measurement system in which Cu and constantan
thermocouples were used to measure temperature and the voltage
created by a small temperature difference in a film.

B RESULTS AND DISCUSSION

The MER precursors were designed to have the correct
composition and nanoarchitecture necessary to crystallize the
target compounds. The number of atoms per square angstrom
necessary to form the individual building blocks (PbSe and
VSe,) was calculated from the in-plane lattice parameters of
the bulk structures of PbSe®' and VSe,’” by dividing the
number of atoms per unit cell by the basal plan area. The solid
lines in Figure 1 give the calculated number of atoms of each
element per unit area per repeating unit of the precursor for
each targeted compound. The target number of V atoms per
unit area per repeating sequence is constant as there is one
VSe, trilayer in each repeat unit, whereas the number of atoms
per unit area of Pb and Se increases linearly as the number of
PbSe bilayer units (m) is increased. To prepare each of the
compounds, m PblSe layers and a single VISe layer were

DOl: 10.1021/acs.chemmater9b02826
Chem. Mater. 2019, 31, 84738483


http://dx.doi.org/10.1021/acs.chemmater.9b02826

Chemistry of Materials

0.7
£ —— Pb Target
5] | —— VTarget -0
B 0.6 Se Target __,/
2 O PbAD
'E 05+ O vaD /0/
g O SeAD 7
]
F 04
@
Y 0.3
w 03}
E
S
o 02
=]
sé (RN
S
=z
ok ] | I |
0 1 2 3 4

Number of PbSe bilayers per repeat unit

Figure 1. Calculated numbers of atoms per square angstrom for V,
Pb, and Se based on bulk lattice parameters are shown as solid lines.
The measured amounts of each element in the precursors are shown
as filled circles. The deviations from the calculated number reflect the
experimental challenges of controlling the deposition process to
fractions of a monolayer. AD: as-deposited precursor.

sequentially deposited. For example, the precursor for
[(PbSe),,5]2(VSe,); was made by repeatedly depositing the
following sequence of elemental layers: VISelPblSelPblSe. The
amount or each element in the PblSe and VISe bilayers was
iteratively adjusted to obtain the desired number of atoms per
unit area to make a single unit cell thick layer of PbSe and
VSe,, respectively. The number of atoms/A” per repeating unit
for each element in the precursors was measured using XRE.”’
There is good agreement between the experimental and
targeted number of atoms/A? of each element in each
precursor (Figure 1).

The nanoarchitecture of the precursors was measured using
XRR and the data are presented in Figure 2. The XRR scans of
each of the precursors contain Bragg reflections from the
artificial layering of the elements and weaker subsidiary
maxima from the finite thickness of the film. The first-order
Bragg reflections shift to lower angles as the number of PblSe
building blocks increases because of the increased thickness of
the repeating structure. Precursor modulation lengths (1)
calculated from the first-order reflection linearly increase with
the number of PblSe building blocks in the precursor (Figure 2
inset) and the measured thicknesses are all reasonable for the
targeted heterostructures. The presence of the subsidiary
maxima (Kiessig fringes**) to greater than 5° 26 indicates that
the films are smooth, with roughness calculated using the
formula derived by Parratt of less than 6—8 A across the
analytical area.>* The combination of the XRF and XRR data
indicates that each precursor has close to the targeted amount
of each element per unit area and the desired nanoarchitecture
to form the targeted [(PbSe),s],,(VSe,), heterostructures.

The optimum annealing conditions to self-assemble the
target heterostructures from the precursors were determined
by an annealing study of the precursor with a 4(PbISe) + (VI
Se) repeating sequence. The sample was annealed at a
sequence of increasing temperatures for 1 h in an inert
atmosphere and changes in structure were followed by
collecting specular and in-plane XRD scans after each
annealing temperature. Specular XRD scans (Figure 3) were
used to track changes in long-range order in the ¢-axis direction
in the film. The as-deposited diffraction pattern contains low
angle reflections from the artificial modulation of the deposited
elemental layers and broad high-order reflections (20°—40°
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Figure 2. XRR patterns of the precursors designed to form the

targeted [(PbSe),,s],,(VSe,), compounds. The modulation length of
the (PblSe),,VISe layer sequence determined from the position of the
first-order Bragg reflection is graphed vs the number of PblSe layers

(m) in the repeating layer sequence in the inset.

k-/ [(PbSe), ,],(VSe,), PbSe
002
004
= 0010 400°C
c 0020
=3
g 350°C
5
= 300°C
‘@
c
2 ww:w"c
£
g 200°C
100°C
AD
R AN RR R R AR RN AR R NI FRRR R R AR N RN E RN RN RN R RN ENE NS ARRRRNR AR N1
0 10 20 30 40 50 60 70
20/°

Figure 3. XRR and specular XRD patterns collected as a function of
increasing temperature after annealing a 4(PblSe)(VISe) precursor at
the indicated temperatures for 1 h.

26), indicating that the film has begun to self-assemble with a
period consistent with the targeted heterostructure. The
reflections from both phenomena can be indexed as 00!
reflections. The period of the low angle reflections (30.21(1)
A) is reasonably close to that expected from the repeating
structure deposited. The c-axis lattice parameter of the
developing heterostructure is slightly larger, 30.67(3) A. The
higher angle reflections become narrower and more intense
after the sample is annealed at 200 °C, indicating the start of
crystal growth of one or both constituent layers at this
temperature, resulting in a more coherent structure. After the
250, 300, and 350 °C annealing periods, the intensity of the
reflections increase, indicating continued crystal growth. There
are only small changes in the peak locations, however,
indicating a near constant c-axis lattice parameter. The low
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angle reflections become broader and shift to a higher angle as
annealing temperature is increased, becoming consistent in line
width and c-axis lattice parameter with the higher angle
reflections of the heterostructures after the 300 °C anneal. The
Laue reflections from the finite number of unit cells in the film
also increase in intensity, indicating that a coherent structure is
forming with a uniform number of unit cells across the
analytical area. After the 400 °C annealing, the superlattice
reflections are almost completely absent, suggesting that the
heterostructure has decomposed. The two intense reflections
remaining can be indexed as 002 and 004 reflections of PbSe.
The broad reflection at ~14° 28 is consistent with the 001
reflection of small VSe, crystallites. This suggests that at 400
°C, there is enough energy to make the heterostructures
disproportionate into a mixture of binary constituents. The
targeted heterostructures with thicker PbSe layers are less
thermally stable than [(PbSe),,5],(VSe,),, which was reported
to be stable at 400 °C.**

In-plane diffraction patterns were collected during the
annealing study to follow the evolution of the in-plane
structure of the films and are shown in Figure 4. In the as-
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Figure 4. In-plane XRD patterns collected as a function of increasing
temperature after annealing a (VISe) + 4(PblSe) precursor at the
indicated temperatures for 1 h.

deposited precursor, broad reflections are present that can be
indexed as hkO reflections of a hexagonal and a square lattice.
The reflections shift to slightly higher angles after the sample is
annealed at 100 °C. The lattice parameters of the hexagonal (a
=3.393(4) A) and square lattices (a = 6.0891(2) A) above 100
°C are close to the lattice parameters of bulk VSe,*” and
PbSe.>' There is a significant increase in the intensity of the
110 VSe, peak after annealing at 200 °C, suggesting that
significant crystal growth of VSe, occurs at this temperature.
Intensities of both the VSe, and PbSe reflections continue to
increase as the annealing temperature is increased up to 350
°C. Weak reflections are present with odd indices for the
square constituent. The reflections are consistent with the
condition that h + k = 2, indicating that the PbSe bilayer is
distorted from the bulk face-centered cubic structure. Both
constituents are still present at 400 °C, although the intensity
of all reflections are lower and the reflections with odd indices
in the square lattice are no longer detectable. This suggests that
the loss of the heterostructure reflections in the specular
diffraction data after annealing at 400 °C results from
disproportionation of the heterostructure into PbSe and VSe,
regions. The broad 001 reflections for VSe, in the specular
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scan indicate that large crystallographically aligned domains of
VSe, do not form. The specular and in-plane diffraction data
collected as a function of annealing temperature suggest that
optimal processing conditions to convert the 4(PblSe)(VISe)
precursor into [(PbSe),,s]4(VSe,); is 300 °C for 1 h.

The absolute amounts of each element in each layer were
found to be very important in controlling whether the targeted
compounds self-assembled. The low temperature of the
substrate during the deposition limits surface diffusion rates,
so atoms cannot move far before being buried by the incoming
flux of atoms. The diffraction data in the annealing study
indicate that both PbSe and VSe, nucleate and grow during the
deposition. If the amount of each bilayer (PblSe or ViSe)
deposited corresponds to a complete single structural unit and
nucleation occurs during the deposition, then the precursor
layers develop a significant long-range order during the
deposition (Figure S, scheme II). If the amount of a deposited
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Figure 5. Proposed reaction pathway for the formation of products
from a 3(PblSe) + 1(VISe) precursor. The pathway depends on the
absolute number of atoms per repeat unit of the precursor. The
thermodynamic product is a disproportionation of the precursor into
isolated regions of PbSe and VSe,.

element deviates from the targeted value, then the extra (or
missing) atoms result in partial layers. This increases the
roughness in the layers and causes nucleation of the binary
structures at different heights relative to the substrate.
Annealing the sample at elevated temperatures activates
diffusion, enabling atoms to move around to lower the free
energy by eliminating defects and optimizing local coordina-
tion geometries. As a result, off-composition samples form
partial layers in addition to interstitials and/or vacancies in the
heterostructures (Figure S, scheme III). If the number of
atoms in each layer deviates significantly from that required for
an integer number of layers, then disproportionation occurs
during annealing (Figure S, scheme I). The ability to
determine the number of atoms of each element per repeating
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layer in the precursor using XRF is a critical advance, as it
speeds up optimization of the deposition process and also
enables us to predict which precursors are likely to form the
targeted compounds.

Our assumption in this study is that precursors with the
correct composition and nanoarchitecture, when annealed in
the right conditions, should assemble to the target structure.
We annealed the four precursors whose data are contained in
Figures 1 and 2 using the optimized processing parameters and
the specular diffraction patterns of the resulting compounds
are shown in Figure 6. All the peaks in the diffraction patterns
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Figure 6. Specular XRD patterns of [(PbSe) 5] .(VSes); (m =1,2, 3,
4) heterostructures.

can be indexed as 00! reflections, consistent with hetero-
structures forming with their ¢ axis perpendicular to the
substrate. The c-axis lattice parameters of the annealed sample
have a linear relationship with the number of PbSe bilayers in
each repeat unit, which is consistent with the modulation
length of the precursors being preserved as they crystallize.
The average change in c-axis lattice parameter per PbSe bilayer
added (6.12(1) A) is within an error of the c-lattice parameter
of bulk rock salt PbSe (6.1213(8) A)*' and equivalent PbSe
bilayer thicknesses found in other heterostructures
([(PbSe),5],,(NbSe,),) (6.12) and ([(PbSe)y;s]i(TiSe,),),
(6.13(6) A).**7 PbSe bilayer thicknesses in [(PbSe),,s];
(NbSe,), and [(PbSe),,s],,(MoSe,), are slightly greater than
found in this work.”** As there is only one VSe, in each repeat
unit, the y-intercept of a graph of the c-axis lattice parameter
versus the number of PbSe bilayers (Figure S1) is greater than
observed in bulk VSe,, as the intercept is the sum of the
average thickness of each VSe, trilayer and the thickness of the
van der Waals gap. The PbSe and VSe, thicknesses obtained
from this graph are close to their respective bulk equivalents
and previous work on PbSe- and VSe,-containing hetero-
structures. The c-axis lattice parameters of the PbSe-containing
heterostructures are very close to those reported previously for
analogous SnSe-containing heterostructures (Figure S1), and
the change in inter-VSe, distances as m increases is within the
experimental error.

The low-angle XRR patterns (Figure 7) contain Kiessig
fringes/Laue reflections between Bragg reflections extending to
high angles, indicating that the films consist of a consistent
number of unit cells over the analytical volume. The films
become smoother after annealing, with roughness decreasing

8477

001
41

g 001

21 34

£

o

E 2,1 001

0w

c

@

E

§ 11 001
--------- I FETTTT T PR TTR YT FYRTTTTETI FYCTTTRTT] FYTERUTITI FUTTTITITI FUTTTTTITY
0 1 2 3 4 5 6 7 8

28/°

Figure 7. Low-angle XRR patterns of [(PbSe);,s],(VSes); (m =1, 2,
3, 4) heterostructures.

to 4—6 A, as evidenced by the increase in the number of
observed Kiessig fringes. Indexing the low-angle Kiessig fringes
and using a modified version of Bragg’s law corrected for
refraction enabled us to calculate the total film thicknesses.
Each film has a total thickness of approximately SO nm,
consistent with the targeted thicknesses. Dividing the total film
thickness by the calculated c-axis lattice parameter of the
heterostructures yields the integral number of unit cells in the
films. The numbers of repeat units formed calculated from the
number of Kiessig fringes between Bragg peaks (Table 1) and

Table 1. Structural Parameters Calculated from the XRR
and Specular XRD Patterns

c-axis lattice total film targeted # of
mn parameter (A) thickness (A)  # of layers layers
1,1 12.273(4) 481.3(3) 39 41
2,1 18.343(8) 492.5(2) 27 27
3,1 24.486(9) 491.8(3) 20 20
4,1 30.617(9) 493.3(4) 16 16

the number of repeat units deposited are equal to one another,
except in the m = 1 sample, where the number of unit cells
formed is two less than the number of deposited layers. XRF
data show that there is an increase in oxygen in this film after
annealing, suggesting that the two layers might have been lost
to oxidation at the top of the film. The specular diffraction data
indicate that each PblSe and VISe bilayer in the deposited
precursors crystallizes a PbSe bilayer or VSe, layer in the
targeted structures.

The in-plane diffraction patterns of the [(PbSe),,s],.(VSe,);
(m =1, 2, 3, 4) heterostructures are shown in Figure 8. All of
the reflections can be indexed as hk0 reflections of a hexagonal
and a square in-plane unit cell, consistent with the formation of
VSe, and PbSe layers in the heterostructures (Table 2). This
indicates that the film has a preferred alignment with the c-axis
perpendicular to the substrate, consistent with the specular
diffraction data. The hexagonal basal plane unit cell with a
lattice parameter of 3.40—3.43 A is consistent with that
reported for VSe,.” The square basal plane unit cell is smaller
for the m = 1 compound (6.03 A) than for the m = 2—4
compounds (6.11—6.13 A), but all are close to that reported
for PbSe.”’ However, the hk0 Bragg reflections where h and k
are both odd, forbidden in an undistorted rock salt structure,
are observed. The presence of 110 and 130 reflections
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Figure 8. Grazing incidence in-plane XRD of self-assembled
[(PbSe),,5)m(VSe,), (m =1, 2, 3, 4) heterostructures.

Table 2. In-Plane Lattice Parameters Derived from the
Diffraction Patterns via Le Bail Fitting”

a-axis lattice ter, a-axis lattice ter, misfit
mn VSe, (A) PbSe (A) parameter, &
1,1 3425(1) 6.030(1) 112
2,1 3.447(1) 6.116(1) 1.10
3,1 3.404(1) 6.106(5) 1.08
4,1 3.408(1) 6.130(1) 1.07

“Misfit lattice parameters were calculated using the lattice parameters
and the stoichiometric coefficients of each constituent.

indicates that Pb and Se are not located at (0,0) and (1/2,1/2)
respectively in the intergrowth. A possible distortion that may
give rise to these forbidden reflections is a lateral translation of
one of the PbSe layers relative to one another. The intensities
of the forbidden reflections decrease as the thickness of the
PbSe constituent is increased, indicating that the magnitude of
the distortion decreases. Forbidden reflections have also been
observed in the in-plane diffraction patterns of
[(PbSe),14];(NbSe,), heterostructures,” suggesting that a
distortion is a common feature of PbSe bilayers flanked by
dichalcogenides in ferecrystals.

HAADF-STEM was collected to show the bonding arrange-
ment of the atoms in the film and the relationship between the
PbSe and VSe, layers in the heterostructures. This information
is not present in the specular and in-plane diffraction patterns
because of the preferred alignment in the films. The HAADE-
STEM image of a representative portion of the
[(PbSe),,5]3(VSe,); sample is shown in Figure 9a. Both
constituents are clearly distinguishable from each other
because the PbSe layers are significantly brighter than the
VSe, layers. The microscopy data confirm that the film consists
of alternating layers of PbSe (six planes or three bilayers) and
one VSe, trilayer. Defects are clearly present, presumably
because of different nucleation sites that grow together during
the self-assembly process. The atoms in the VSe, layers, when
viewed down the (110} zone axis, appear along a diagonal line,
indicating that the V atoms are octahedrally coordinated,
similar to the bulk binary compound.”” The PbSe layers,
observed down (100) and off-axis zones, both show that it has
a structure similar to the rock salt structure found in the
analogous [(PbSe),,s],,(WSe,), heterostructure.”' The inte-
grated intensity profile across the slice of the image provides
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Figure 9. (a) HAADF-STEM image of the [(PbSe),,;]5(VSe,),
heterostructure showing that the film consists of PbSe (bright
rows) and VSe, (dark rows); (b) Linear profile of a slice of the image
showing approximate atomic plane positions in a repeat unit.

the positions of the atomic planes along the c-axis as shown in
Figure 9b. The average atomic plane distances between Pb/Se
planes, shown in the right of Figure 9b, are all within error of
each other. This is different from what was observed in the
analogous compound [(PbSe),,5];(MoSe,),, where the PbSe
planes had alternating short and long distances, indicating
discrete bilayers.”” The lack of this distortion in
[(PbSe),,5]3(VSe,), perhaps results from a change in the
interaction between the PbSe and dichalcogenide layers
because of the change in electronic properties of the
dichalcogenide (trigonal prismatic MoSe, is semkonduc:l:ing,“
whereas octahedral VSe, is metallic**). The availability of
available states in metallic VSe, will result in virtual states
between PbSe and VSe, as found at metal—semiconductor
interfaces.”” The reduced distortion in the PbSe layer in
[(PbSe)y,5]3(VSe,);, relative to [(PbSe)y,s];(MoSe,); indi-
cates a weaker interaction, consistent with the reduced kinetic
stability of [(PbSe),,s];(VSe,), relative to
[(PbSe),,5]5(MoSe,),.** The distance between the metal
plane in the dichalcogenide to the average position of Pb/Se
distance in the V-compound is 10% smaller (4.5(1) A) than in
the Mo-compound (5.0 A), reflecting both the different
coordination in the dichalcogenide and the different
interaction between PbSe and the different dichalcogenides.
In Figure 9a, multiple zone axes for the PbSe layers are
observed, indicating rotational disorder between the constit-
uents.

Fractional z-axis coordinates obtained from the HAADF-
STEM analysis of the [(PbSe);,s];(VSe,); heterostructure
were used as an initial model for a Rietveld refinement of the
specular diffraction data. The diffraction data, calculated
diffraction intensities from the refined structural model and
the difference between them are shown in Figure 10, along
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Figure 10. Results of a Rietveld refinement of the corresponding
specular XRD of the heterostructure and a comparison of the
structural model refined to the HAADF-STEM-derived atomic
positions.

with the refined structural model. The consistency between the
structure derived from the HAADF-STEM and Rietveld
refinement of the XRD suggests that the majority of the film
consists of the heterostructure. The Pb and Se planes are not
coincident and there is an alternation of short and long
distances between Pb (or Se) planes, consistent with the
formation of PbSe bilayers. This distortion is smaller than that
observed in [(PbSe),,s];(MoSe,).”

Resistivity, Hall coefficients, and Seebeck coefficients were
measured to investigate the impact of the increased PbSe
thickness and associated structural changes on electrical
transport properties. As PbSe is semiconducting® and VSe,
is metallic,” conduction in the compounds studied here is
expected to take place primarily in the VSe, layers as previously
reported for [(PbSe),,;s],,(NbSe,); and [(PbSe),,s];(VSe,),
ferecrystals and misfit layer compounds containing metallic
din:halln:|:rg|3niclnas.22’?'‘S The room temperature resistivity of
[(PbSe),,5]1(VSe,), is consistent with previously published
values,™ and the resistivity values systematically increase as m
increases (Figure 11). The differences in the resistivity
between samples with adjacent m values decrease as m
increases. The increase in resistivity as m increases was
expected as a larger fraction of the film consists of
semiconducting PbSe as m increases. The room temperature
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Figure 11. Room temperature Seebeck coefficients and resistivity
graphed as a function of the number of PbSe bilayers in the respective

compounds.
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resistivity values for the [(PbSe),.s],.(VSe,); compounds,
however, are approximately twice as large as those reported for
the analogous [(SnSe);,s],.(VSe,); compounds.”’ We spec-
ulate that this is a consequence of the differences in the band
gaps of SnSe and PbSe and a difference in the alignment of the
VSe, bands with those of SnSe and PbSe. The room
temperature Seebeck coeflicients are positive and the
magnitude is typical for metallic behavior. The Seebeck
coeflicients, however, do not systematically increase as m is
increased, which would be expected from the decrease in
carrier concentration. The larger than expected Seebeck
coefficient for the [(PbSe),,s];(VSe,), compound suggests
that transport in this compound is more complicated, perhaps
because only a 0.6 nm bilayer of PbSe separates the VSe,
layers. The wave function tails of VSe, within the PbSe layer
overlap more in [(PbSe),,s];(VSe,); than in the compounds
with thicker PbSe layers.

The resistivity and carrier concentrations calculated from
Hall coefficients assuming a single band are graphed in Figure
12 as a function of temperature. The room temperature Hall
coefficients are all positive and change systematically as m is
increased, indicating that holes are the majority carrier and that
a decrease in carrier concentration causes the increase in
resistivity as m increases. The carrier concentrations calculated
assuming a single band model are in the range expected for a
metal, consistent with the data presented in Figure 11. The
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Figure 12. (a) Temperature dependence of resistivity and (b) carrier
concentrations calculated from Hall coefficients assuming a single
band model for [(PbSe) . 5]m(VSes); (m = 1,2, 3, 4) heterostructures.
The inset of top plot shows a comparison of the CDW transition
temperatures for [(PbSe),,s],,(VSe,), and [(SnSe),,;],(VSe,),

compounds.
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sign of the Hall coefficient is opposite to that reported for bulk
VSe,. The temperature dependences of the resistivity of the
different [(PbSe),s]..(VSe,); compounds are all very similar.
Between 150 and 300 K, the resistivity slowly decreases with
decreasing temperature as expected for a metal. The rate of the
decrease is 2—3 times smaller than that found in bulk VSe,,
suggesting a reduced electron—phonon scattering. Between 90
and 105 K, depending on the value of m, the resistivity rapidly
increases to a value at about 20 K that is 2—3 times larger than
the room temperature value. This substantial increase in the
resistivity is different from what is found in bulk VSe, and
similar to that reported for the analogous [(SnSe),s],.(VSe,),
compounds, which was shown to be caused by a CDW
transition.”” The transition in [(PbSe),,s];(VSe,); is sharper
than in the compounds with thicker PbSe layers and occurs at
approximately 90 K. For the other three compounds, the
transition is broader and the transition temperature occurs at a
slightly higher temperature. The addition of PbSe bilayers to
the [(PbSe),s];(VSe,); does not systematically increase the
CDW transition temperature (Figure 12a inset), as was
observed in [(SnSe);,s],.(VSe,); compounds.”’ The ~10 K
increase in the CDW onset temperature as m is increased is
also significantly smaller than the increase observed for
[(SnSe),.5](VSe;); compounds.”'

The temperature dependence of the carrier concentrations
provides additional information, although we unfortunately
were not able to measure the Hall coeflicient for the higher m
compounds below the CDW onset temperature. For the m =1
compound, the carrier concentration has a strong temperature
dependence, increasing as temperature is decreased from room
temperature and then decreasing abruptly at the CDW onset.
The temperature dependence suggests that a simple single
band, free electron model is probably not appropriate for this
compound. A similar temperature dependence was observed
for [(SnSe);,5]:(VSe,);. The carrier concentrations of the
samples with thicker PbSe layers increase slightly as temper-
ature decreases. The carrier concentration decreases as m is
increased as the semiconducting PbSe dilutes the carriers from
the metallic VSe, layer.

A simple model for the electrical properties of the
[(PbSe),,5].(VSe,), compounds is to consider the sample to
be a composite consisting of noninteracting parallel con-
ductors. If we assume that the resistivity of the PbSe layer is
much higher than the resistivity of the VSe, layer, then it can
be shown that

Pyse, = .Q,,p[ﬂf(m + n)] (1)
where p,, is the measured resistivity, n is the number of VSe,
layers in ;]l)ie repeating unit (one for this set of samples), and m
is the number of PbSe bilayers.” If eq 1 is valid, then the
resistivity obtained for a monolayer of VSe, from each
compound will be the same. Equation 1 also describes the
expected change in carrier concentration assuming composite
behavior. Figure 13 graphs the temperature dependence of the
resistivity and carrier concentration of a VSe, monolayer
obtained from each compound using this equation. The
calculated resistivity of the VSe, monolayer increases as m
increases, with the m = 3 and 4 samples having very similar
resistivity values. The calculated carrier concentration for a
monolayer of VSe, from [(PbSe),,s];(VSe,), data is higher
than those calculated from the higher m compounds. The
carrier concentrations are very similar for the higher m
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Figure 13. Calculated (a) resistivity and (b) carrier concentrations for
a monolayer of VSe, using eq 1 and the data in Figure 11. If eq 1 is
valid, the resistivity and carrier concentration calculated from each of
the compounds should be the same.

compounds between 200 and 300 K. There is an increase in
the carrier concentrations as the CDW transition temperature
is approached. This suggests that the electrical properties can
be described as that of a composite of a metallic VSe,
monolayer separated by a nonconducting PbSe layer when m
is 3 or greater. Though composite behavior is observed with
higher values of m, the electrical transport properties of
[(PbSe)1,5]m(VSe,), are still distinctly different from their
bulk constituents. The CDW wave of the heterostructures is
also distinctly different from bulk VSe,, with holes being the
majority carrier and markedly different temperature depend-
ences of resistivity and Hall coefficients, suggesting a distinctly
different CDW in the VSe, monolayers.

As the wave function of the metallic VSe, monolayer will
extend into the semiconducting PbSe, which acts as a
dielectric,” this composite behavior suggests that when m is
3 the distance between adjacent VSe, monolayers is large
enough that the wavefunction tails in adjacent layers do not
significantly overlap. The lower resistivity observed for the
VSe, monolayer in [(PbSe),,s];(VSe,); would then result
from the overlap of the wave function tails of adjacent VSe,
monolayers, as the bilayer of PbSe that separates them is only
0.6 nm thick.

It is interesting to compare the electrical properties of the
[(PbSe),5]m(VSe,), compounds presented here with those
reported previously for [(SnSe),,5],,(VSe,), compounds®' and
members of both families with thicker VSe, layers. In both sets
of compounds, the electrical data indicate that VSe,
monolayers are metallic and have a distinctly different CDW
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than that found in thicker VSe, layers. Both compounds with
m = n = 1 have similar changes in the carrier concentration
calculated from the Hall coefficient assuming a single band
model, increasing significantly as temperature is decreased and
then dropping precipitously at the CDW onset temperature.
[(PbSe),,s]m(VSe,), compounds with m = 3 and 4 have
composite behavior, however, whereas the analogous
[(SnSe) 1.5],.(VSe,); compounds™ do not. This is perhaps
related to the structural changes in the MSe layers as a function
of thickness. In both PbSe and SnSe, there are two distortions
that occur from a rock salt structure; a puckering distortion of
the layers where the metal atoms are above and the Se atoms
below the average plane, and an alternating long and short
interlayer distance between MSe bilayers. Both of these
distortions change systematically as m is increased. In the
[(SnSe),5],(VSe,); compounds,” the puckering distortion
increases as m increases as the SnSe. In [(PbSe) ,5],.(VSe,),
compounds, however, both the puckering distortion and the
difference between the inter- and intra-bilayers decrease as m
increases. This difference in behavior is related to the different
structures of SnSe and PbSe. SnSe has an orthorhombic
structure at room temperature that becomes cubic as
temperature is raised.”’ A single bilayer of SnSe has a structure
close to the cubic high temperature structure, and the structure
approaches the bulk low temperature structure as layer
thickness is increased.** As many as 30 bilayers of SnSe are
required to obtain lattice parameters that are consistent with
the bulk structure.”” PbSe, however, has a simple rock salt
structure. A single bilayer of PbSe distorts from the rock salt
structure and the distortion decreases as m increases and
apgroa¢m the bulk structure when m is typically around S or
6. In the [(PbSe),,s],.(VSe,), series, however, the structure
seems to be approaching the bulk quicker. The transition from
a new material, with properties distinct from the constituent
layers, to a composite of VSe, monolayers separated by a PbSe
nonconducting layer occurs at 3—4 PbSe bilayers based on
electrical properties.

B CONCLUSIONS

In this work, we showed that the compounds
[(PbSe),s](VSe,), with m from 1 to 4 could be prepared
from designed precursors. The correct local number of atoms
per unit area per repeating unit and the correct nano-
architecture were necessary for the precursor to self-assemble
into the targeted metastable products during low temperature
annealing. The compounds with larger m values are less
kinetically stable than [(PbSe),,s],(VSe,), and the precursors
need to be closer to the targeted number of atoms per unit
area. Diffraction data and HAADF-STEM images indicate that
PbSe in the heterostructures has a lower symmetry structure
than face centered cubic, presumably because of the interface
and interlayer interactions. All of the [(PbSe),s].(VSe,),
compounds have an abrupt increase in resistivity as temper-
ature is decreased, which is consistent with a CDW. The onset
temperature of the CDW transition does not change
significantly as m is increased. The transport behavior for the
m = 3 and 4 compounds can be described using a composite
model consisting of a conducting monolayer of VSe, and a
nonconducting PbSe layer that do not interact. The difference
in the rock salt layer thickness dependence of the CDW
transition temperature between members of
[(PbSe)y.5]m(VSey), and [(SnSe),,s].(VSe,);, which have
approximately the same VSe, interlayer distance, suggests that
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the identity of the intervening constituent and its interaction
with the VSe, monolayer determine the CDW onset
temperature.
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